A sequential injection analysis (SIA) with chemiluminescence (CL) detection was developed for the measurement of antioxidative activity against singlet oxygen ( 1 O2). Lactoperoxidase-hydrogen peroxide-bromide ion system was used for the generation of 1 O2. When a 100 mM sodium acetate buffer (pH 4.5) was used as a carrier solution, the SIA-CL system could be optimized with respect to the flow-rate of the carrier, concentration of reagents and their aspiration order. The antioxidative activity was expressed as an attenuation of luminol CL due to the quenching of 1 O2 by an antioxidant. The relative standard deviations of antioxidative activity (n = 3) against 1 O2 for within-and between-day analyses were ≤1.6% (20 µM Trolox). The system was successfully applied to the assay of antioxidative activities of various antioxidants including vitamin supplements at a rate of 10 samples within 15 min. The proposed SIA-CL system was rapid and reproducible with minimum consumption of the sample and of reagents, and thus was useful for the screening of compounds possessing antioxidative activity against 1 O2.
Introduction
Reactive oxygen species (ROS) generated in biological systems act not only as regulators in signaling processes but also as initiators of harmful biological oxidation when an excess of ROS occurs. Singlet oxygen ( 1 O2), one of the ROS, has a relatively long life in aqueous solution compared with other radicals, along with the ability to cross the cell membrane barrier and high reactivity towards important biological molecules including nucleic acids, 1, 2 proteins, peptides, amino acids 3 and lipids. 4 The oxidative damages of biological molecules are considered to link to the expression of various pathogeneses of human diseases. In this respect, there is growing interest in finding antioxidants which can protect against these diseases. Therefore, the method for screening and evaluation of the antioxidants against 1 O2 is necessary.
Several methods using electron spin resonance (ESR), [5] [6] [7] phosphorescence [8] [9] [10] or chemiluminescence (CL) detection [11] [12] [13] have been reported for antioxidative activity against 1 O2 which is generated photochemically, 5, 6, [8] [9] [10] chemically 7 or enzymatically. [11] [12] [13] These methods are based on the measurements of decreased amounts of 1 O2 by antioxidants. Among these methods, CL method has been widely used because of its high sensitivity and the use of inexpensive instruments. Though 1 O2 emits characteristic luminescence at 1268, 734 or 634 nm, the intensity is extremely weak even using the maximum wavelength at 1268 nm and a photomultiplier is not sufficiently sensitive at such a long wavelength.
Therefore, luminol (5-amino-2,3-dihydrophthalazine-1,4-dione) CL is often used as an indicator for 1 O2.
The antioxidative activities of phenolic antioxidants, 11, 12 fluvastatin and its metabolites, 13 and rosemary extract, 14 were successfully evaluated by the luminol CL methods. However, these methods based on batch technique are relatively laborious, time-consuming and wasteful of sample and reagents.
In 1990, Ruzicka et al. introduced the concept of sequential injection analysis (SIA) 15 as the second generation of flow injection analysis (FIA) techniques.
SIA consists of a computer-controlled multi-port selection valve and a bidirectional syringe pump. Aliquots of sample and reagent(s) are sequentially aspirated into a holding coil from reservoirs connected to ports on the valve. The resulting stack of reagent(s) and sample zones is propelled towards the detector. In contrast to FIA where the reagent flow is continuous, SIA can reduce the consumption of sample and reagent(s). Moreover, SIA is easily automated with a computer, which makes it possible to reduce human errors and to obtain reproducible results.
Recently, we have reported the simple SIA with CL detection for the measurement of antioxidative activity against hypochlorite ion and have successfully applied the method to the evaluation of several antioxidants. 16 In this paper, a SIA with CL detection for the measurement of antioxidative activity against 1 O2 was developed. Lactoperoxidase (LPO)-hydrogen peroxide (H2O2)-bromide ion system was used for the generation of 1 O2, [11] [12] [13] [14] and the attenuation of luminol CL due to quenching of 1 O2 by each antioxidant was measured. The SIA-CL system was optimized with respect to the flow-rate of the carrier, the concentration of reagents and their aspiration order. Several well-known antioxidants, such as vitamins C and E, Trolox and sodium azide, were applied to the SIA-CL system. In addition, antioxidative activities of the commercially available multivitamin supplements were measured as an application to real sample analysis.
Experimental

Reagents and solutions
Vitamin C (L-(+)-form) and H2O2 (30%, v/v) were purchased from Wako Pure Chemical Ind. (Osaka, Japan); N,Ndimethylformamide (DMF), luminol and vitamin E (DL-form) were from Nacalai Tesque (Kyoto, Japan); sodium azide (NaN3) was from Merck (Darmstadt, Germany); Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) was from Aldrich (Milwaukee, WI, USA); LPO (80 -120 units mg -1 protein) and sodium bromide (NaBr) were from Sigma Chemical Co. (St. Louis, MO, USA); dimethylsulfoxide (DMSO) was from Dojindo (Kumamoto, Japan).
Water was deionized by Autosill WG 220 (Yamato Kagaku, Tokyo, Japan) and passed through Puric-Z (Organo, Tokyo, Japan). All other reagents and solvents were of analytical reagent grade.
LPO, H2O2 and NaBr solutions were dissolved or diluted in 100 mM sodium acetate buffer (pH 4.5). Luminol was dissolved in 10% aqueous DMF. Vitamins C and E, Trolox and NaN3 were dissolved in DMSO which is suitable for dissolving both water-soluble and lipid-soluble samples.
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Apparatus
The SIA-CL system ( Fig. 1 ) consisted of a Cavro XL 3000 syringe pump (volume 1 mL, Cavro Scientific Instruments Inc., USA), a six-port selection valve (Cavro Smart Valve), a CL detector (CLD-10A, Shimadzu, Kyoto, Japan) and an integrator (Chromatopac C-R8A, Shimadzu). A CL reagent (200 µM luminol solution) was pumped by an LC-10AD (Shimadzu). The analysis steps were controlled with a notebook computer (Aile NX, NEC, Tokyo, Japan) operating Pump:Link Evaluation Software (Cavro). Table 1 shows the operation program of the SIA-CL system. The appropriately defined volumes of reagents and sample were sequentially aspirated into a holding coil (1 m × 0.5 mm, i.d., PTFE tube). The reagents and sample zones were then propelled toward the CL detector. The CL reagent was introduced to the stream just before the CL detector at a flow-rate of 1.0 mL min, -1 and the resulting CL signal was recorded as a peak height. Each measurement was repeated in triplicate and the mean ± standard deviation (SD) of peak height values were used in the evaluation of the experiments. All measurements were carried out at ambient temperature (24 ± 4˚C).
Measurement of antioxidative activity and calculation of IC50
Antioxidative activity was calculated by the following equation:
Antioxidative activity (%) = (CLIB -CLIS)/CLIB × 100 where CLIB and CLIS represent the CL intensities obtained from blank (DMSO) and sample (antioxidant), respectively. IC50 value, defined as the sample concentration that indicates 50% antioxidative activity toward 1 O2, was calculated from the regression line of antioxidative activities against the logarithmic concentrations of each antioxidant. IC50 values of vitamins C and E and Trolox from the batch methods were calculated in the same manner using published data.
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Analysis of multivitamin samples
Three multivitamin supplements (samples X, Y and Z) in tablet form obtained from different manufacturers were analyzed. All supplements contained vitamins A and C. Other components were vitamins B1, B2, B6, B12, E, K, niacin, folic acid, pantothenic acid and biotin. Each multivitamin was treated as follows: 10 mL of DMSO was added to the ground powder of a multivitamin tablet and the mixture was sonicated in an ultrasonic bath until all particles dissolved. Then the solution was passed through a 0.45 µm filter (Kanto Chemical Co., Inc. HLC-DISK 13 for organic solvent) and used as sample solution. The concentration range of vitamin C for each sample solution prepared was 0.15 -1.2 mg mL -1 for sample X, 0.13 -1.08 mg mL -1 for sample Y and 0.31 -2.6 mg mL -1 for sample Z.
Results and Discussion
Optimization
Using a 100 mM sodium acetate buffer (pH 4.5), which has been employed in the batch method, [11] [12] [13] as a carrier solution, we investigated the effects of flow-rate of the carrier solution, the aspiration order and the concentrations of reagents on the CL intensity. The CL intensity obtained from DMSO (blank) was used as the index for the optimization of SIA-CL conditions. A higher flow-rate of the carrier solution generally provides shorter analytical time, but also has a possibility to lower the sensitivity due to the shortening of the time for passing through the CL detector. Thus, the effect of flow-rate of the carrier solution was examined over the range of 0.8 -4.0 mL min -1 (Fig. 2) . The maximum CL intensities were attained at 1.0 -1.8 mL min -1 of the flow-rate: 1.5 mL min -1 was selected.
1 O2 is generated by following reactions: The mixing order of the reagents influenced to the CL intensity; therefore, the effect of the order of reagent aspiration for the generation of 1 O2 was examined ( Table 2 ). The maximum CL intensity was obtained at the following order: DMSO, H2O2, LPO and NaBr. The effects of the concentrations of LPO, H2O2 and NaBr were examined (Fig. 3) . The CL intensity increased with increasing LPO concentration up to 100 µg mL -1 ( Fig. 3(A) ): 80 µg mL -1 was selected in this experiment. Figure 3(B) shows the effect of H2O2 concentration. The range of 30 -300 mM was examined, and the maximum CL intensity was obtained at 150 mM. The maximum CL intensity was attained at 200 -250 mM of NaBr concentration (Fig. 3(C) ): 250 mM of NaBr was selected.
Signal responses and reproducibility
The relative standard deviations of the antioxidative activity were examined using 20 µM (5.0 µg mL -1 ) of Trolox. The within-day (n = 3) and between-day (n = 3) reproducibility of the antioxidative activities were 1.4 and 1.6%, respectively.
Evaluation of antioxidants against singlet oxygen
Various concentrations of several antioxidants, such as vitamins C and E, Trolox and NaN3, were measured by this SIA-CL system. The typical signal responses obtained from Trolox (0 -50 µM, n = 3 for each concentration) are shown in Fig. 4 . The CL intensities were inhibited by Trolox in a dosedependent manner. Table 3 shows the relation between the antioxidative activity and the antioxidant concentration, and the 75 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 Fig. 3 Effects of (A) LPO, (B) H2O2 and (C) NaBr concentrations on the chemiluminescence intensity. 
Comparison with the batch method
The order of IC50 values, NaN3 (1.78 × 10 -5 M; 1.16 µg mL -1 ) < Trolox (1.58 × 10 -5 M; 3.95 µg mL -1 ) < vitamin C (1.05 × 10 -4 M; 18.5 µg mL -1 ) < vitamin E (1.51 × 10 -2 M; 6.29 mg mL -1 ), well agreed with the order of those obtained by the batch methods. 13, 14 However, these IC50 values were lower than those from the batch method (Trolox, 3.3 × 10 -4 M (82.5 µg mL -1 ); vitamin C, 7.2 × 10 -3 M (1.3 mg mL -1 ); vitamin E, 6.4 × 10 -1 M (266.7 mg mL -1 )). This result suggests that the sample concentration required for the SIA-CL system is lower than that for batch methods. Table 4 represents the comparison between the SIA-CL method and the batch method, focusing on the reagent consumption and measuring time during one cycle of analysis. Though the amount of luminol consumption of the SIA-CL system was almost the same as that of the batch method, amounts of H2O2, NaBr and LPO were 10-times lower than those of the batch method. The measuring time of the SIA-CL method was approximately 7-times shorter than those of the batch method.
Antioxidative activity of multivitamin supplements
The developed SIA system was applied to the measurement of 3 multivitamin supplements (samples X, Y and Z). These supplements include many kinds of vitamins and other ingredients, but vitamin C constitutes a large percentage of these supplements. Their IC50 values calculated based on the nominal vitamin C contents were 17.7 µg mL -1 (100 µM) for X, 15.3 µg mL -1 (87 µM) for Y and 10.2 µg mL -1 (58 µM) for Z. By considering that the IC50 values for supplements X and Y were close to that for standard vitamin C (18.5 µg mL -1 ; 105 µM), antioxidative activities for these supplements were considered to be derived from vitamin C as a main component. On the other hand, the IC50 value of supplement Z (10.2 µg mL -1 ; 58 µM) was lower than those of other supplements. This result for supplement Z might be caused by the existence of grape seed extract, which contains phenolic compounds possessing strong antioxidative activity.
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Conclusions
The present study is the first report on the antioxidative activity assay against 1 O2 using the SIA with luminol CL detection. The proposed SIA-CL system allows rapid and reproducible detection with minimum consumption of the sample and reagents. By using this method, antioxidative activity against 1 O2 of typical antioxidants and multivitamin supplements were successfully determined. The method is thus useful for the screening of compounds possessing antioxidative activities against 1 O2 as well as for the evaluation of supplements as regards their antioxidative activity.
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